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Y :)ntL-Xin Zjou* +, iif-(.%u* arid

Aucr ic ctrjn Spectroscopy was uLeu to utLudy sc~r(e.kation

017 luur I1 -oiultc- to the surfaces of7 indiviuual 6r'air-s of a

po/suiicia-3.i pct 21'-0.06 p)ct $nL-u.-)U4 pcL C ;~yuatcau
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hit

Whe ~;at~ed olutc atuii,- , or ato;,a ceidisorbeu Frocl Lt,-

vapor phaie, are found on the surface of a crystal, tliey are

generally founw to occupy speciic cL'ystallorapnic sites ( 1 ).

Thus it is to be expected that there will be differences in

segregation or chemisorption behavior on crystal surfaces of

different orientation. Examples of this have been shown by

Shelton et al. ( 2 ) for the case of C segregation to Ni crystal

surfaces and by Johnson et ai. ( 3 ) for thecase of differential

segre-ation of Au to differently oriented surfaces in a poly-

crystalline za:;:ple of a Ni-Au alloy. ;.e have cori;enced a study

of Seregation of the Group IVB elements C, Si, and Sn in Fe,

and we report here observations of co:rpeticive segregation of

these elements to the surfaces of individual grains in a poly-

cry-stallinc sa3*.ile at temperatureJ up to 700 0 C.

Lx;orhc;;entai irocu.Jure

&he vacuut-inuuctioi ineited alloy was received iri tlie f'orm

of a cast ingot of dimensions 2.5x5xl.3 cli (below the hot top),

the composition of which is given in Table 1. A 3mra slice was

cut from the ingot and was hot-rolled at 950°C in 10 passes to

0.6 mm. After this 80pct reduction the strip was horogenized

at 9500C f'or 20h. In order to produce a large grain size the'

strip wao 6ivetf a tensile elongation of 2.5pct (in 10 sec.)

arid was alznealeu as indicated in Fig;. 1. The *ample was thun

metallograp!hically polished and etched 'ith 3pct Nital. The

resulting Grain si:;c was in the range.3 to 5ram ulam.
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I-he oL- -[ Lr;11, U: o1 I, IId ivid u~ L .grairs w' jr c d L;A t1n j y

tne Luc a;-eVeto :i~ethoo. TIhe orientations 01' the LxraiznL;

used Ioror a cays;Lre shown in thie stLandard s;,.,reotrapnlic

trian.Lie in PiiL. 2.

Th e hjeating r method uLsed in ti-e ultra-hi, h vac uuwa (UHIV) Sys-

temn~a 3ia.ilar to tn-at emnployeu by Y.eni et al ( T he Specl..cen

holder is shown in Fibr. 3; the specimen was heated by conduction

from the res;istively heated tung~sten ribbons to wrhicih it was

3pot-weldeu. Ti'nlo conf'iguration Gives a reduced electric field

in the central .ortion of* the specimen, and it perti". Au er

azialysiu; at elevated teffipLratures ,with the heatingi cuvrurt Uri).

Tne iaximui.i current u:sed( was 20A. A thermaocouple spot weiueu

to the back of' the specimen was used to control the tfepurature,

which wasi held cons-tant within 50(; up to 700 0 0. Inre tu:;.eratUr-e

variation over ti.e lOx5ri;,j area oC' the sample wgas ',Q:aeJt be

less than .IO% .

Thu 3segreg ation behavior on 9 g~rainsz .-;as 6tudieu at 5juC

initerval:; over the temperature r Ang e 25 to 700 0 C. Tne sa~r,j'e

surface wa.. initlilly s~puttered clean with ,r+ at 25 0; tnhe

temperature was, tihen raised to 500C arnd t:Aigrpeak heiightjs

were obtained for individual elerT.,entG usingL a rmultl-char..ncl

analysecr as, a f'unction of tim~e until a ;Lvauj LtQt wa- ruacnt:u.

Tben the toimpcrature ,a; iricr'uas;Cu by 5002 an,! the prucuss wa

rupcatc4(1, :lrid IIIp to 7000(2; tntereupori the :,oe~waj revvor:Vj

UnktiL %tii s ;ttple returnied to 2500;.

The Aug',:r souueeiswere made Kith a Ptsys!Cal LlectL'O:..c:

z i n ; u, *''> c u r ('JAM~I) LL n pr imt~ry beuum LSI % or !.50



at 3keV &i U 50 ipa beam current. The moduiation voltage was

6V. The Auer peakr used for analysis were (in eV): 1'e 703,

Sn 430, C 270, Si 92, and 0 503. It should be noted that the

92eV 61 peak contains a contribution of' uncertain ranitude

from the 86eV peaic of' Fe and that the latter decreases

rapicily as tue Fe i.; covered by segregating elements.

Resultu

Initial Cleaning. The surface composition on grain no. 15

as a function of sputterinG time is shown in Fig. 4. This shows

that the surface was initially contaminated with C ana 0, due to

contact with the air and cleaning in alconol. It also showeu a

small excess of Sn and a corresponding deficiency of 'i. How-

ever, the sputterini, data for the latter indicates an excess of

Si below the Sri-enriched surface layer. This was our first

direct evidence for a repulsive interaction between Sn arwi Si

in Fe, whicii ,; expected because of tue cheiiical similarity of

these solutes and by analogy with tihe C-Si repulsion studieu

long ago by Darken ( 5 ) . Th'ile ract that Sn segregated prev'erentiailiy

with respect to Si, even though the concentration ratio was 1:200

on an atom fraction basis, attests to the greater surface activity

of Sn vs Si. The presence of the Si would be expected to

enhance the surface activity of the Sri because of their mutual

repul sion. This cari be rationalized in te' .rs of tLhe Guttrmanri

rc ular solution Irodel ( 6 ) , as shown by cviahon arid H.archut ( 7 ) .

Lxamples o1" twe apparent steady utates reached after prolonjcu

heating at 1i5u arid 6bS 0 C are shown III Fit. 5. At 450 0 C the

surface covv'ae by C oi grain no. 20 decreased and that of' Si



i ri :2i8 'i i inl koulp iii . L rl the ,,:At 12 .j kjU C vup I v.

Lr~t~r'C te:, .;'rheseelrenc in i-' !,Lee above) ;how.ever

wse cannot saj urythinit about the total fra'ctionai1 ,overale o*.

the surfacu or w:ehrti.e G ana 3'i coipetu or. an Lindividua l

sit,. basis%, as opposeu to ;rowth and :;hrinkal.e of patchtes OfL

area. coritL-*r:ir-,g only G or Si. 40 Sri sereGationt was obse ;rved

at h-50oC uuring,. Lte time of observation (60 min. ); ater, this

wil- be shown to be a kinetic limitation.

At b60c (Fg. 5b) Ln se-regated strongliy on -rain no. 15

anc! reac:ier: a staystate .,ithin 10h. 1hr a aor~ 2sIce:e

Qof ' o ab,;r-ved, . ;.'n aiaount of rit'i any, re;iainlnLg ar-tur 10ii 1.

unr wnbecaus3e L' u above-mentioned interference by th,.e i'e bi6OV

pear.

bare dilf'erisseL aere obrerved,( in tile Lsurf'ace concenitration,

of nj .~e.~mt;~r'..one g~rain to another. Tkils can be >',iu~jtrateu

by~.- _. Ej ;-:,1~ 7/, '-.'c o which show-s a d ilferet -r.i ucti,

FiLg, tve 6,. -!: a c.amri~ I e ct r onrilcrog6r-ah 1) i~r of a 'urmcton

in trio a~ in.n<e g n t 1p50 0 C ; tileinaewa. for';aed by

detictior. Of as;O2S[ec~imerL curret. Fig~ure_ 6b is a _'SAk

ima-,_ forimed b y :,onitUorin6 tile 5i 92eV Aug er electron6; it is;

Qbv :)us tnmiat ; ran ni ro. I conitainsc ii:uch J;i, while grisno. 2 an

3 do niot. It is interestiniG timat tile Si-COVerteu grainl iappEear~ Uii'K

inm tm if- ; we believe that this i due. to a treo uctiori in thte wor.K

finnc.iori -if the s;urface due to tile 61i coverage-k. 'Th s woula alias.

ro~hA v~y ;eat:' rissiorl 01' seCcondary, electroins from time

,su'ftcc CI tni.u ,arin into the vacuum anic would produce. a corresi-

!'Ots amgl winOIL spc iimeni current whefi the cdec tromi beam 1,a3s sea

kOVOr Lu i :; ,vainf. A L im iL' jilt phetnormeii vin a, ux hi U ted when in was



dII jtjcd to r., I):Lt.; th t 2I.!;" by U at L 111 a L 6U0 0C. ii ' 7,1 is n'

01, o a 3-icali junctiozi, ariu F,.7b i:; thei coL'resfpc:j1,iL,

imia6ge; n~ote that tic "-covered Graini i; diavi: ii tiie

Examnples of' the seGreGation behavior of' the various eiemnents

on cilI'erent brains over the tem~perature ranger- studied are o.

In Ki. . The curves f'or individual elements on dil'.erent gau

are superimposed in Fig. 9. Certain 6eneral simrilarities are

evident: Below 400 0 C C serregated at the expense of -ki;

between -L400 and 60000 63i se-regated ztrong;ly and expellec; C Vroiti

the surface complctely; above 6000C 6~n seg~re -ated strongly and

expelled Si f'roia theu sutface. T1he Sn conicenitration aecr ased we

the temperaturce bias raised beyond 650)C; this is consis;tent ;it

the obuervation by Lea and Jeah~b) that csig,,nificart evaporation W*

~3n ccus aovethat tem~perature.

'.-hen the sample waz cooled in 100oC steps;, the Sn corctj1.rd. ur.

remained oigh) ari 6i dlia not re-appear. "hus, It is conc-Iu.ddt:

the equilibrium; conig~uration of' this ailoy vovu r

to the 3urface; the appearance of* Oi bet-veeni 4Uu ariu bU0 is

pres-umably the result of* its 6 reater dilfusivity relativo to ""r irn

that temperature ranGe as shown in FiCg. 10. If' we considu-r t!he n

temperature rarge Vor G, Si, and Sri in VIL. 9, we f'ind that these(

tempe~craturci; correwspond roulghly to a diflus;ivity uf 1i- 1 3 cINS uc-

as indicatc.d by the dashed line in Fik;. IU.

As coulit,; cjOgvezsu down to 50000 th r;cnetrno

incrcalsve. ;;omciwiat, limplyin,- that surf'ace saturation was; be.larg

approa Iieu as th(; temperature decreased. Carbon Was found to return

to tivi ,;uri'acc below i4000G, but this 'idi not Leeri to alTuc t Llic 2nr

conccnt#.raLlon. 'hisrupi, that interaction between thesle eleiiiuntz



e:iou~jh to e:- ::c. u oc all1 z im 1l1ar.

Th re:e' L,,. i 1c a ..- "J A urL .i uc~ t r : e ev C.s Of 3 Ceutlo

aiid the teiuuera*? :ire uositI-or:2; oZ ti.e ~a froi, 6alnrLo- -- *

a:; lnictJ j ll.9.Tese iiilerencez av ezur&~ reluteJ,

to the atonnic a-raricrnts on the surfaces 7' different. oriuntalior..

Tiie general pa' r~can be seeri if the maxiin.-m Ereak he':n raticos

(.?HR)~, uSing- th. I'e 703eVl peak as the denoiiiinator, are :iorzmalize u

(~igtL-.c iarJ, tL value for each element t,, define 10U an,;

p Lotted cn thec rta.%darj stereo,-raphic trian,,ie. ihe re:; It2,

shiown In l~ ,iilaethe prcsence of a belt in helower

ctntral h-ortiori of' the triangle in whichl all' tnrveceie.nzra

hiLher concentr,;t-Io:r- t-an -i:,uru;i.goiit~ c:.hwvr

Si rea ch i t,3, ilhe L c onc en t rati-'onl on a zr fa c,-. orlx ici

thec (111; corn(er, , heres tre x.iinil.ui. CarId L" o~c:ro o.;~

n >-ar their le.v~e~o hosrt~

a id to ruv.eal teareas in .;hichl 1'ruitful 6d-taileu e x r r, I(--%

c .u Id b -o ca c. ut Prnav , e the hav,-r, L.oeo- th' , wect on 3L*

t ic basIs Ifori the;- orientation c-ffecto; utryiin[.ii he

fl'wt et' fex)y.p ritoL will concer~t ratec- on, thi ;:inSuu and! will

ply ~r~tlw;pfecially orienteu so that t~huir urra.itL; &ru w-,J1

d inoI&)J-ne planle.:, such a-, (LOU)', (KU O, ;kid (IlL . Orie

a:;pecL wlilch (JCM>2P.vvCZ- particular attention -*.- whe(.thCr t-0 'AL~h

mdcxsurfce:: .n' the center ot, the,, triari lc;.u'e in fact, si'gif-!

p1 anc.z or 01'bi J±tin fntepsj Of lovier index r Lane3. if' tile



tLtx cza-vu iuV::-.I, then , Lbr SLIaL.cc C V cu .,

should bu u itLdac';table in Ltr:,,z, of coveraL; £ouri c:. tre

constituent lower Index planes.

Two aspects of the segregation behavior whicn snow ujp

clearly and which can be understood fairly well even at this

stage of the work are the presence of ietastable surface

coverage by faster diffusing elements at lower temaIpratures anr

the presence of strong cherical repulsion between C anu Si anrd

between .51 and 3n. The former aspect appears to be the surface

analog of trie form-ation of metastable bulk precipitates auring

ageing of a super%;aturated solid solution. 'his Kind o" pueno;e-

non has been recognized and studied by physical etallsts

for many years.

Tne repulsive cher.ical interactions are to be expected

between ctemically similar elements whicn do not co:;ibi:,e to for::

compounds when each is dissolves in a third element. 'fne interesti..

feature revealeu in trhe present study is the ir;ipor~ance of atozic

s1 differences in determiining the aegree of cnet-icai rtpulsior.

The relevant atomic sizes are listed in Table II, in wnich the

atomic radii are aujusted for a bulk coordination iui,,bcr of 12.

The size uifrerences between C and Ui and between ;i and nri

(witu respect to ie) are 32.'4pct and 23.7pct, respectively;

whereas it is 56.ipct for the case of C an Sn. Apparently,

the (lf'ruu in the latter case is so large that tnies. eiei.,cnt.

behave somwkiat inuepenuently as far as surface segregation is

coniceria. - 'i..aably, onc should riot look uponi this as only

itIvolvil,; atu:,i :;ice, po,' ;:(., but also as an filuct of siveu ut

the outer lcct:iun propurties. ior uxaii,ple, tLhe outer p electruiL



o( :,: u :: L.~ , ~ L :.~. t.. -. :

L;~~ -*I"I Y Lt I.: - C" e r

1. In aL '-.z~ alloy cc tLinir,6 3.lue aL JQ~c r.,.4

O.CO04pct J Oh.c Of th.eso ew2osvutozrba s

the Surface .urinG heatinq . As the tqj'a~ure- was ~e .

dominant e:.ntwas C, then Si, then ' 5n, eacn rcej aci n,

pCC~OU ' e~ct. hisis reumab -, a . :ineti-- ezfect,

zeici: t'..- relative diffus-vi ties of these el~' ~zin .

2. T~her-c urfe r,-: ,;';Lsve i.,nteractions o~ e C an 2i Lris-- ec

anrj it.Lhit tlc presence oV r*l t: 1' to expel. or x1~

the ot.her Cr-:. th!e surface. Ho-..ever, C; arc; Cn ess

relaLivc1Y -clieenriently of eac.h other. r, i3 I r atrale

rit~s~ 4.e i~esize !-f*.Lervrceo it rs~.u Lo

3.~ne va e:: vc, a.,,! e ven sh- tei.;prt ye ra>i

ori:~torko~jtiie zsrface. C anki Cs ; :ti to folo;

Ackrnow I.e~r~s~

Pv~sru:e~r ""a;s supported by the 0lT'icc of' Havai. f Qesarci
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'-ALE I. Composition of the Sauiple

Eleuients C S Sn Fe

Wt 2 3.1 0.004 0.004 0.06 balance

TIL3LL Ii. Atom Size Data Adjusted For

Coordination iumber 12

C Si Sn Fe

r(10 - 8 cm) 0.914 1.32 1.62 1.26

A.: -0.35 +0.06 0.36 0

A r/ r~ -27.6 +4.800 + 2 8.5 0

.. . .... ..... . + ... .. . . . ... ... . .. ...
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I. AnneiiliitL; -fciu. Uor producitI cuare-,.;riu Ci, cnu.

2. Orientations of' surface normals of the Grains studied.

3. Details of upecimen holder.

4. Variation of surface composition during initial sputtering oi'

one Grain ohowin- initial contamination bj C arid 0, small

segregation of 3n, arid depletion of Si.

5. Examples of variation of surface composition of teo gralrij

as a function of time at 450 and 6500C.

6. (a) 3cantizlg electron image (using absorbed specimen current)

of a three-gzain junction at 4500C. (b) Scanninu Auger electron

image (using the O3i 92eV electrons) showing that the 6rain with

high Si coverage corresponas to the dark grain in (a).

7. (a) Scannin<, electron image of another three-grain junction

at 650e3. (b) Scanning Auger electron image (usin) tue nrL 43ueV

electrons) ohowing an effect similar to that iri FI,. 6.

8. Example:; of variation of steady state surface couapo:;itioi ol'

four u;rainu with equilibration tcmperaturu uuring botri heatin

and cooling.

9. Supervosition of curves from Rig. 8 for (a) C, (b) Si, anti

(c) SJn.

10. Diff'usivitleu 'of C, Si, and Sn in le, extt'apolateu rom data

compiled in Ref' 9.

II. Depeicrice of r;aximur, Auger peak hei,iht ratios (nom'saalizea to

I00) ou surface crystallographic orientation for (a) C, (b) zn,

and (c) 3i.
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